centuries before the mounds. This is rather counter intuitive from a geometric point of view since the circles surround the mounds and form the outer ring of the structure. Second, the age difference between the two individual horses found in the same mound is difficult to explain. This result would suggest either two distinct interventions in a single mound separated by several centuries, or the deposition of a weathered horse skull together with a freshly killed horse head, something undocumented archaeologically. Finally, the wide large age range would argue for an extensive period of use for this khirgisuur from about the eleventh-tenth centuries BC to the fourth-second centuries BC. If confirmed, the prevalence of the same ceremonial activity over several centuries would be unprecedented archaeologically and raise questions regarding its significance and function.
For the reasons mentioned above, we consider it likely that serious doubts must be attached to the vast majority of the radiocarbon dates performed at Tsatsyn Ereg. The collagen dates in particular seemed doubtful and invite us to revisit the dating of the site. Collagen is usually considered the material of choice for radiocarbon dating as it allows direct dating of the bone remains. The chemical integrity of the molecule can be assessed independently of the measured age, using collagen yield and C/N ratio as proxies (DeNiro 1985; Ambrose 1990; van Klinken 1999) . The vast majority of the samples dated in Mongolia, including the ones mentioned above (but see Taylor et al. 2017) , were processed by Beta Analytics, a private company which provides very little detail about its analytical procedures and which did not include, until very recently, the classical quality control indicators of collagen yield and C/N ratio. Table S1 for details).
Methods

Calcined bone
Calcined bones were sonicated in distilled water and oven-dried. Only the whitest fragments were selected with 1-2g being powdered (<100 m). The powder was then pretreated in acetic acid (1N) under a weak vacuum for 20h to remove diagenetic carbonates, rinsed in distilled water and oven-dried. Yields were calculated and carbon isotope values were measured using a Kiel interfaced with a Thermo DeltaPlus Advantage mass spectrometer. All samples had 13 C values below -20‰ indicating that recrystallization was complete (Hüls et al. 2010; Zazzo et al. 2012) . A total of 0.5-1.0g was hydrolysed in orthophosphoric acid under a vacuum for 20 min. The evolved CO2 was cleaned using Sulfix then introduced in a semi-automated graphitization unit.
Charcoal
Charcoal was pretreated using the classical acid-alkali-acid method. First immersed in HCl 1N for 1h, rinsed to neutrality then immersed in NaOH 0.1N for 1-20min depending on the degree of decoloration, rinsed to neutrality, then immersed in HCl 1N again for 1h. Finally, the samples were rinsed and oven-dried overnight at 50°C. Yields were calculated and only samples with yields above 50 per cent were dated. These samples (1-3mg) were then wrapped in ultra-light tin capsules, combusted and graphitized in the automated AGE 3 device.
Bone and tooth collagen
Each mound that provided a horse remain was sampled for radiocarbon dating. When two horses were deposited in the same mound, both were sampled. When possible, bone and teeth from the same individual were also sampled. We selected the petrous bone as this bone is considered to be denser and therefore the favourite support for DNA and collagen extraction (Pinhasi et al. 2015) . Bone and teeth were rinsed in an ultrasonic bath then oven-dried overnight. They were crushed in a mortar and pestle, then sieved and the 0.3-0.7mm fraction was kept for analysis. For teeth, we selectively removed the enamel and cement fractions under the microscope and only kept the better looking dentine and/or root fraction. Two methods of collagen extraction were used. The first method was our in-house protocol (Bocherens et al. 1991) . were cleaned following Brock et al. (2013) . The solubilised collagen was spun for 20 min at 3000rpm and the remaining volume was checked. This operation was repeated until only 0.5-1mL remained in the upper part of the filter. Both fractions were collected and freeze-dried.
About 2.5mg of collagen was wrapped in an ultra-light tin capsule, and combusted in the elemental analyzer (EA) of an AGE 3 automated compact graphitization system (Wacker et al. 2010 ). The quality control parameters (%C, %N and C/N ratios) were measured in the EA prior to graphitisation. The CO2 was then transferred to the graphitisation unit where reduction was performed in seven quartz reactors, each containing 5mg of iron catalyst. In order to reduce the risk of memory effects in the graphite reactors, a sample of similar expected age (a VIRI F collagen sample of about 2525±69 BP, or an aliquot of the same sample) was combusted prior to each sample to be dated. Graphite samples were then pressed into targets within a few days. Two oxalic acid II standards and two phtalic anhydride blanks were processed together with the unknowns every ten samples (Synal et al. 2007 ).
Graphite targets were dated using the compact AMS ECHoMICADAS at Gif-sur-Yvette (France). Data reduction was performed using BATS software (version 4.07) (Wacker et al. 2010 ). The first couple of scans were discarded to account for possible surface contamination of the target due to contact with ambient air between the graphitization and the AMS measurement. Measurement parameters such as 12C current and 13CH current were checked.
Time and isobar corrections were made prior to validation. Normalization, correction for fractionation and background corrections were applied for each individual run by measuring the oxalic acid II NIST standard and the phthalic anhydride blanks.
Results
Radiocarbon dating of the circles
Calcined bones and charcoal from twenty circles within the B10 complex were analysed and the results are summarized in the Table S2 and Figure S2 . Calcined bone 13 C values ranged between -19.7 and -25.4‰ and are typical of well-calcined bones. Their radiocarbon age range was between 2770±20 and 2860±20 BP (average 2827±6 BP, n=20). There was no correlation between calcined bone age and carbon isotope value, indicating that the bone samples had not been significantly affected by contamination from soil carbonate (r2=0.07).
The charcoal radiocarbon age range was between 2780±20 and 2910±25 BP (average 2839±18 BP, n=7). Overall, charcoal and calcined bone radiocarbon ages did not differ significantly (T-test, p=0.41). In six circles, pairs of calcined bone and charcoal were dated 
Radiocarbon dating of the mounds
Collagen was extracted from the horse bones and teeth from the three excavated complexes:
KTS-01, B10 and PAC38. The results are summarised in Table S2 . Because the chronological relationships between the three complexes cannot be assessed independently, the results are described separately. All the bones and teeth were treated using Method 1 (Bocherens et al. 1991) . For a subset of 18 samples the collagen underwent an extra step of ultrafiltration (Method 2). The results obtained using the two methods are presented below.
Method 1
Khirgisuur KTS-01: The seven mounds associated with the khirgisuur KTS-01 were excavated and six of them provided datable material. Collagen was extracted from four petrous bones and two teeth. Collagen contents ranged from 4.7 to 14.9 per cent, higher than the cut-off value of 1 per cent used by radiocarbon labs (van Klinken 1999; Brock et al. 2010 ). Higher yields were measured in tooth samples (11.9 and 14.9 per cent) than in petrous bones (4.7-8.7 per cent). C/N ratios ranged from 3.23 to 3.51, within the 2.9-3.6 range of uncontaminated collagen (DeNiro 1985; Ambrose 1990) . C/N ratios were lower in teeth (3.23 and 3.24) than in bones (3.30-3.51). Radiocarbon ages ranged between 2785 and 2890 BP. A positive correlation was found between the collagen yield and the 14 C age (r2=0.94), and a negative correlation was found between the C/N ratio and the 14 C age (r2=0.86) ( Figure S3 ).
Deer stone PAC38: Three mounds associated with the deer stone PAC38 were excavated and collagen was extracted from three horse teeth. High collagen contents (15-16 per cent), and low C/N ratios (3.21 to 3.24) were measured. The radiocarbon ages cluster tightly and range between 2840 and 2860 BP. No correlation was found between the collagen yield, the C/N ratio and the 14 C age.
Khirgisuur B10: From the B10 complex, thirty out of the 38 excavated mounds provided datable material (either bones or teeth) which was sampled for radiocarbon dating. In some of the structures, both bones and teeth from the same individual were dated. Collagen contents ranged from 2.3 to 18.3 per cent, above the accepted cut-off value of 1 per cent (van Klinken 1999; Brock et al. 2010) . C/N ratios ranged from 3.07 to 3.53, within the accepted 2.9-3.6
range (DeNiro 1985; Ambrose 1990 ). Average collagen content was twice as high in teeth (9.6±3.4 per cent, n=27) than in bone (4.5±2.4 per cent, n=20). On average, the C/N ratio was lower in teeth (3.26±0.06, n=27), than in bones (3.36±0.13 n=20). Radiocarbon ages ranged between 2630±25 and 2925±25 BP. On average, radiocarbon ages were lower in bones (2777±82 BP) BP than in teeth (2835±45 BP). A negative correlation was found between the C/N ratio and the 14 C age (r2=0.68). No correlation was found between the collagen yield and the 14 C age (r2=0.17), but the youngest ages were found in samples with less than 5 per cent collagen ( Figure S4 ).
Method 2
A selection of 18 bone collagen extracts from the B10 complex was ultrafiltered. Results are summarised in Table S2 and Figure S5 . For five samples, both the high-molecular weight (HMW, >30KDa) and the low-molecular weight (LMW, <30KDa) fractions were dated. For the remaining 13 samples, only the HMW fraction was dated. The C/N ratios in HMW fractions ranged from 3.23 to 3.46 (3.34±0.07 on average), within the accepted range of 2.9-3.6. The C/N ratio in LMW fractions were significantly higher, ranging from 3.41 to 3.62 
Modelling
Tsatsyn model
The model used only weak or non informative prior to estimate the onset, duration and end of use of the B10 complex, PAC38 and KTS01. We used the resulting sample of 62 dates to produce a Bayesian model containing three phases corresponding to the three dated monuments, with a uniform prior using the OxCal and the IntCal13 radiocarbon calibration curve (Bronk-Ramsey & Lee 2013). We then used the OxCal 'Order' function in order to test the chronological ordering between the different monuments. We repeated this analysis once with an outlier model which identifies and downweights anomalous measurements (Bronk Ramsey 2009). Two different outlier models were used for the charcoal and bones, respectively.
The outlier-model used for the charcoal ("Charcoal") was a Normal "t" outlier-analysis model postulating an a priori outlier probability of 5 per cent for every sample following (Bronk Ramsey 2009). We used this outlier-model because we could not exclude that the charcoal was either too old due to an old-wood effect or too young due to contamination. The outlier- model used for calcined bone and bone collagen ("Bone") is a negative exponential model postulating an a priori outlier probability of 100 per cent for every sample. We used this model because we postulated that bones were all in a primary position and could only be too young due to contamination with modern carbon. Both models produced similar results, but only results from the outlier model are reported here. The model was run five times to assess its reproducibility and the data from one of the runs are shown in Table 1 . 
SQL Code for the Tsatsyn Outlier Model
Model 0
The model uses fifty fictitious radiocarbon dates to estimate the onset, span and end of use of the B10 complex. Here we postulate that the B10 complex was constructed in an instant. The radiocarbon distributions have been simulated by a process of back-calibration from samples whose real age is 1000 cal BC. All the dates are grouped in a single phase to produce the Bayesian model, with a uniform prior using the OxCal and the IntCal13 radiocarbon calibration curve (Bronk-Ramsey & Lee 2013). The model was run five times to assess its reproducibility and the data from one of the runs are shown in Table 3 . 
Model 50
The model uses fifty fictitious radiocarbon dates to estimate the onset, span and end of use of the B10 complex. Here we postulate that the B10 complex was constructed over fifty years.
The radiocarbon distributions have been simulated by a process of back-calibration from samples whose real age range between 1025 and 976 cal BC. All the dates are grouped in a single phase to produce the Bayesian model, with a uniform prior using the OxCal and the IntCal13 radiocarbon calibration curve (Bronk-Ramsey & Lee 2013). The model was run five times to assess its reproducibility and the data from one of the runs are shown in Table 3 . 
SQL Code for the Model 50
Model 100
The model uses fifty fictitious radiocarbon dates to estimate the onset, span and end of use of the B10 complex. Here we postulate that the B10 complex was constructed over a hundred years. The radiocarbon distributions have been simulated by a process of back-calibration from samples whose real age range between 1050 and 950 cal BC. All the dates are grouped in a single phase to produce the Bayesian model, with a uniform prior using the OxCal and
